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Abstract 
An increasingly important issue, as congestion levels increase more and more, is that freeways become subject to rebuilding and 
restructuring when traffic cannot be re-routed. It has already been asserted that traffic simulation provides a better approach to 
the analysis of freeway reconstruction than the traditional Highway Capacity Manual. In fact the users’ delay on freeway under 
reconstruction, when traffic flow is under capacity, cannot be evaluated by the standard HCM procedures. The impacts on 
existing traffic patterns are significant: the costs of delay and safety suffered by users even for low flows requires to take 
adequate management actions. From the point of view of direct reconstruction costs, every attempt to reduce user cost brings an 
increase in the direct costs of rebuilding. So there is a clear trade-off between reducing direct costs and mitigating the costs to 
travellers and economic activities. The object of this paper is to allow the evaluation of the delay that is suffered by the users of 
two-lane freeways when only one lane is available. The delays for different flow levels and different lengths of the reconstruction 
area are evaluated with the use of a tailored new developed microscopic traffic simulation model.  
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The development of ITS systems promotes the growth of new services for traffic control and management and 
makes easier the evaluation of traffic road parameters. Safety and efficiency of transport systems are key objectives 
to be achieved for mobility sustainability. The ordinary interpretation of Intelligent Transport Systems (ITS) includes 
those technologies (procedures, systems and devices) that allow to improve the transport and mobility of people and 
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goods through collection, transmission, processing and distribution of information. With the development of new 
ITS systems some problems connected to the opening of road works find new and more effective solutions. 
According to the Federal Highway Administration (1998) ITS systems can be used to: automatically collect and 
analyze, before, during and after works, traffic flow in the area of construction; providing an accurate real-time 
information to drivers and construction companies; helping to impose compliance with safety rules and speed limits 
in the construction area. Furthermore, the use of electronic computers offers the possibility of being able to simulate 
project scenarios through microscopic simulation models that are reliable and can faithfully reproduce the real 
analyzed scenarios. For the simulation of motorway construction zones the deterministic models commonly used to 
evaluate the delays due to queues (Abraham and Wang, 1981; Dudek and Richards, 1982; Morales, 1986; Schonfeld 
and Chien, 1999) and the macroscopic simulation traffic models (Lightilll and Whitham 1955, Michalopoulos et al 
1993, Papageorgiou et al 1983, Payne 1979) provide an underestimation of delays, because the effects of stop-and-
go conditions and random variations in traffic flows are neglected. In addition in these models there is an incomplete 
representation of traffic flow that makes impossible to obtain statistics at the microscopic level from a continuous 
macroscopic model; this was also proved in Chien et. al. (2002). In Astarita and Galante (1995) a partial explanation 
of these arguments is presented: "studying traffic flow moving through a bottleneck (bottleneck) with a macroscopic 
methodology is equivalent to study a random queuing system with a hydrodynamic deterministic analogy  (this can 
be accepted if the order of magnitude of the problem is large in such a way that the randomness of the phenomenon 
does not have a measurable influence on the overall assessment). The case presented in this paper is clearly different, 
the time lost by individual vehicles as well as the formation of a possible queue are simulated considering the effects 
of randomness with which vehicles of different characteristics run at different times in the working zone with limited 
capacity. The article by Schnell et al. (2001) shows a comparison among simulation models based on experimental 
results, in that work the deterministic macroscopic model QUEWZ shows better results than the microsimulation 
model Corsim. This controversial result is achieved due to the poor quality and calibration of the used 
microsimulation model (it would have been more interesting to use a more affirmed model like for example VISSIM 
or AIMSUN, both already widely diffused at the time). More affirmed models like Paramics, AimSUN, and VISSIM 
can, in fact, be used to analyze work zone impact on traffic flow. Dowling et al. (2004) presented a methodology for 
estimating and predicting the total annual traffic congestion attributable to recurrent and non-recurrent congestion 
without the use of field data. A step-by-step methodology for computing delays and user costs in highway work 
zones is presented in Chitturi, M.V et. al.(2008). The methodology is based on the fundamental relationship between 
speed and capacity applied to work zones. Speed adjustments are made to account for the adverse effects of roadway 
geometry, work intensity, speed enforcement, and other work zone factors. Chung et. al. (2012) presented a 
methodology based on accurate traffic data measures for the estimation of delays. The paper suggests that to 
accurately estimate congestion impact due to work zones, a dedicated estimation for each work zone is inevitably 
required. In this paper a microsimulation model accurately calibrated with a dedicated local traffic survey campaign 
is presented. The research could be interesting also for practitioners as it was not possible to find any other recent 
paper in the literature depicting a microsimulation model developed specifically for highways work zones. Edara and 
Cottrell (2007) presented a state of the practice on the evaluation of work zones traffic impacts; they highlighted 
strength and weakness of microscopic simulation models in modeling complex work zone projects and estimating 
traffic impacts. A well calibrated microscopic simulation models can provide a good estimate of users’ delays in 
many traffic conditions taking into account the effects of heavy vehicles percentage and other difference among 
vehicles and driving styles. On the other hand, macroscopic models, based on a fluid dynamics analogy, do not take 
into account the random fluctuations of vehicles kinematics within the flow. Traffic is a discrete phenomenon, and 
any model ignoring the inherent discontinuity of this phenomenon introduces some approximations. In this work we 
have applied a microsimulation model for the evaluation of traffic delays characterizing the motorways affected by 
the presence of work zones. The proposed model used for traffic analysis in the presence of construction zones 
reproduces the movements of vehicles at highway construction sites distinguishing between heavy and light vehicles 
and allowing the evaluation of arrival times, ideal travel times, delays and speeds. The simulation techniques are 
useful to determine the length and the optimum configuration of the work zone taking into account the users’ delays. 
In this paper simulations are based on experimental data collected with laser gun that have been used to measure the 
speed distributions at work zones on the “A3 Salerno-Reggio Calabria” motorway. Different lengths of work zones 
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have been reproduced to provide guidelines for a quantitative based design. This research provides an original 
contribution consisting in:  
1) experimental measurements carried out on an Italian motorway;  
2) the use of a calibrated traffic microsimulation model for the analysis of various possible configurations of the 
work zones.  
This contribution can be useful to the management and planning of highway reconstructions. The model has been 
developed as part of an approach to increment a smart use of advanced applications for road users and traffic 
managers. Section 2 contains a general framework of the problem from the theoretical point of view; in Section 3 the 
the paper describes the possible alternatives for the realization of work zones as a function of the delay suffered by 
users; in Section 4 a methodology for the calculation of the optimal length of work zones is discussed; in Section 5 a 
method for the estimation of the delay caused by highway construction sites is presented; in section 6 the results of 
an experimental analysis conducted on a test network are presented; conclusions and further developments of the 
research are discussed in the last section. The evaluation of the delay suffered by road users associated with the 
presence of one or more work zones represents one of the most important problems in the analysis proposed in this 
study. In some cases, the traffic flow is completely blocked for the congestion caused by the work zones, especially 
during peak hours. Various attempts have been made in order to mitigate the impacts of work zones on the 
circulation. Most of them provide solutions for the optimization of traffic control and the optimum configuration of 
lane closures and work zone lengths. For the highways divided into 2 lanes for each direction, there are two possible 
configurations for lane closure: 1) the closure of one lane per direction (single lane closing), with no impact on the 
traffic stream in the opposite direction and 2) the complete closure of the road in one direction, and consequently 
traffic streams sharing the same roadway as a two-lane two-way road. Although the single lane closures have no 
impact on the traffic flow in the opposite direction, these temporary solutions increase the duration of the 
construction time and construction costs. The number of road accidents also increases due to the conflict between 
traffic management operations and construction activities (Ha and Nemeth, 1995). For this reasons, the single lane 
closures are preferred usually only for small projects, such as maintenance work. For reconstruction projects, 
completely closing the road in one direction results in a significant reduction of duration and cost of reconstruction, 
which may produce benefits for road users and traffic control operations. In a two-way traffic work zone, the 
capacity of the road is reduced to less than 1/2 of its normal value, with obvious decrease in the level of service. A 
significant delay occurs due to the low value of the average traffic speed caused by the reduced capacity. In the 
presence of work zones capacity and average speed of the traffic flow depend significantly on the percentage of 
heavy vehicles in the flow itself. Changing the order of the construction sites, as well as changing the number and 
the extension of building sites, can mitigate or enhance the effect of heavy vehicles. The objectives of this study are 
to evaluate alternative longitudinal road closures and determine the optimal length of the work zones as a function of 
the users’ delay. Two standard methods to calculate the delay due to the queues on motorways are deterministic 
models (Abraham and Wang, 1981; Dudek and Richards, 1982; Morales, 1986; Schonfeld and Chien, 1999) and 
shock wave model (Lightill and Whitham, 1955; Richards, 1956; Wirasinghe, 1978). The most important parameter 
of deterministic models is traffic flow (Q). Delays are evaluated through the analysis of traffic flow (Q) and 
motorway capacity values before (C) and after (CW) the opening of the work zones. The  shock wave model 
evaluates delays due to queues with an hydrodynamic analogy between the traffic flow and a fluid in motion; it is 
assumed that the velocity of shock waves propagates linearly. Wirasinghe (1978) developed a model based on the 
theory of propagation of the shock waves to determine the delay due to the occurrence of an accident on the road. 
The analysis of various traffic conditions and different spatio-temporal wave propagations allowed the author to 
efficiently develop the model.  Memmott and Dudek (1984) produced a software (QUEWZ) that can estimate the 
generalized cost for a single user in work zones. The QUEWZ model reproduces traffic flow traversing a highway 
construction site and estimates the costs and the length of the queue. The model was specifically developed for the 
analysis of highway construction sites and to allow comparison between different intervention strategies using 
macroscopic simulation techniques. An estimate is made of speed and queues with and without the work zones. 
Wilde et al. (1999) highlight the need for more in depth analysis of the speed-density relationship in work zones. 
Other studies (Schonfeld and Chien, 1999) developed a mathematical model for the calculation and optimization of 
the length of work zones of two-lane highways (one lane in each direction), in which, alternatively, a lane is closed 
to perform maintenance tasks. To evaluate the delays caused by the closure the deterministic theory of queues was 
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applied. The optimal length of work zones was determined by minimizing the total cost. In all the works described 
above it is clear how the estimation of users’ delay in the queue has to be correctly performed to improve the 
research development. The delay value in a work in progress area is provided by the difference between the average 
trip time under normal conditions (no construction on the road) and the average trip time in the presence of 
construction sites, multiplied by the number of vehicles traveling the work zone in a given period of time. The main 
factors in the estimation of delays due to work sites are: traffic flows, percentage of heavy vehicles and network 
capacities. 
2. Evaluation of alternatives for road closure 
Maintenance operations on two lanes highways involving a work zone, and hence a closure of the road, are 
performed with three possible configurations of the work zone (Martinelli and Xu, 1996): 
2.1. Alternative 1 - Closing the entire section 
The road is closed in one direction along the entire length of the work zone and the intervention is made in a single 
time interval. The advantages of this approach consist in the use of fewer resources for traffic control and less 
interference between the construction activities and the traffic operations.  
 
Fig. 1. Alternative 1: construction in a single segment 
The disadvantages of this alternative are a longer user delay, since delay is directly proportional to the length of 
the working area segment (Fig. 1), and a greater number of accidents that occur along the segment (Martinelli and 
Xu, 1996). 
2.2. Alternative 2 - Partial closure with multiple building sites 
The work zone is divided into several segments (Fig. 2). In this case works begin simultaneously on different 
segments of the site that are not adjacent. The advantages of this configuration are the greater capacity and the 
reduced delay compared to the alternative 1. The disadvantages of this alternative consist in higher costs for traffic 
control (more connection ramps) and a greater additional cost in terms of fuel consumption, due to the numerous 
cycles of acceleration and deceleration. 
 
Fig. 2. Alternative 2 - Partial closure with multiple building sites 
2.3. Alternative 3 -  - Partial closure  with a single building site 
The site is divided into several segments as shown in Figure 3. Works start at different times for each segment; 
the intervention is gradually completed with the partial road closure. The significant advantages of this option are in 
the development of work zones of limited size, with obvious positive effect on the average speed and accident rates. 
The disadvantages of this alternative are the higher costs for traffic control and the higher time required for the 
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intervention. In order to find the optimal road closing solution among the possible alternatives it is necessary to 
evaluate alternatives according to the following attributes: 
x total cost of the delay due to the works on the road; 
x additional costs of site management; 
x total cost of traffic control, including control strategies, their installation, traffic flow channeling and ramp 
construction; 
x additional costs of accidents caused by the project (equal to the difference between cost of accidents in case of 
normal operations on roads and costs of accidents in case of roads with a closed section). 
 
Fig. 3. Alternative 3 - Partial closure with a single building site 
3. A method for estimating traffic delay in the presence of work zones 
The methodology presented in this section shows how to estimate user delays on a highway affected by the 
presence of work zones for maintenance or renovation. It is based on a specific microsimulation model which is 
based on the movement of individual vehicles and not on the deterministic theory of queues. The developed model 
is used to evaluate  the value of user delay in any configuration of work zones. Several parameters provided as input 
in the proposed mathematical model can generate reliable results, allowing to simulate traffic flow rates and traffic 
composition. The model generates random departures of vehicles (heavy and light), with a predetermined speed 
distribution, and reproduces the spatio-temporal trajectories, according to the individual paths. Variables 
distinguishing the individual vehicle are: 1) static (type, desired speed), and 2) dynamic  (position, instantaneous 
speed, acceleration). Dynamic variables are updated at each simulation step. The movement of vehicles on the two 
lane section is supposed to be not influenced by the interactions among the vehicles. Therefore, each vehicle travels 
in two-lane sections with its desired speed. In the bottleneck, instead, the vehicles are unable to overtake, and the 
first vehicle entering the section will be the first to exit and could impose its speed to the oncoming vehicles. 
Original in the microsimulation proposed is to apply  the desired speed distribution as a function of road segments . 
Speed distributions were obtained from experimental survey. The microsimulation model adjusts the vehicle speeds 
according to the given distribution of speed for a given segment of road. Volume delay functions are not used to 
simulate  but are rather a result of the simulation. The microsimulation model used is very simple cause it was 
designed on the specific data set obtained from the experimental survey. 
 
 
Fig. 4. Queuing mechanism 
The gap between vehicles depends on speed and can not be smaller than the braking distance that is assumed for 
simplicity equal to k * V ² (with K [s2/m] parameter common to all vehicles and calculated from average kinematic 
characteristics and V [m/sec] vehicle speed). The spacing between the vehicles’ pairs in the platoon thus varies with 
the square speed of the leader vehicle. This simple car-following model is based on fixed spacing. (we have not used 
the full functionalities of Tritone (Astarita V. et. al., 2012) where it is possible to apply every car-following model). 
The motivation for the use of this simplified car-following model are connected with the specific experiment. The 
model has been calibrated using the speed distribution and spacing experimentally obtained. No samples have been 
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carried out on the calibration of a dynamic car-following model. We have in practice assumed that vehicles are 
going to drive following the leader at a given spacing. This assumption is justified by the fact that in the specific 
scenario simulated the car-following dynamics are negligible compared to the resulting spacing between vehicles. 
So instead of estimating complicated dynamic parameters and obtaining the spacing as an indirect result we have 
measured and imposed directly the experimental spacing.  A buffer of 10 km outside working zones was considered. 
The generic vehicle (positioned in the one lane section), if compared with a slower vehicle downstream, will have to 
slow down taking the same speed of the preceding vehicle with a spacing equal to the minimum possible distance. 
When the slow vehicle exits the bottleneck (the area affected by the presence of the work zones) it is free to regain 
the desired speed (if not further affected). Therefore, there are different moving areas of acceleration and 
deceleration, thereby reproducing the instability of the real traffic flow. Interactions on the work zones are simulated 
taking into account for the real speed distribution observed on the case studies. The implemented model assumes 
that, at the entrance of the work zone, the vehicle closest to the downstream lane is chosen as the first vehicle to 
enter (Fig. 4). Several data have to be provided as input for the simulation: The model provides for the acquisition of 
certain input data that, when introduced into the mathematical model, allow proper analysis of the traffic system; 
among the data supplied as input to the model: 
x the total length of the road; 
x the length of the free road section; 
x the length of the section affected by the works; 
x the traffic flow; 
x the work zones layout; 
x the percentage of heavy vehicles; 
x the distribution of the speed of light vehicles 
x the speed distribution of heavy vehicles. 
Traffic flows and the percentage of heavy vehicles are the two key inputs used by the model to determine the delay. 
The whole system can be seen as a queue system with a “random service time” equal to the travel time of the road 
with reduced section and with “total time in the system” equal to the time spent in the queue plus the service time. 
Due to the complex mechanism for determining the service times simulation is the best solution to study this kind of 
queue system. The simulation results must therefore be treated as those of a queue system. The output provided by 
the model allows the calculation of several measures of efficiency (MOE), useful for evaluating alternative traffic 
management systems. The graphical interface, furthermore, allows a rapid and intuitive understanding of the 
problem, highlighting conflict zones, queue lengths and delays. 
4. Results of experimental analysis on a test network 
In order to test the proposed model a simulation was carried out reproducing traffic interactions on a section of 
the “A3 Salerno-Reggio Calabria” motorway affected by works in progress. In this section both carriageways (North 
and South) have double lanes. The characteristics of the different road segments (slope, curves radii) are modeled 
through different desired speed distributions. The case study is a 4 Km trunk of the “A3 Salerno-Reggio Calabria” 
motorway, from Km 251 to Km 255. This trunk is located between the “North Cosenza” and “South Cosenza”  
junctions. The case study account for high traffic volumes and a large proportion of heavy vehicles. The works 
caused the closure of one side of the roadway with obvious redistribution of traffic in both directions on the opposite 
carriageway. The data collection on the work zone allowed to calibrate the model by providing accurate speed 
values. Speeds have been measured with a laser gun (Traffic safety Laser 500). Speeds have measured in 12 
different locations 8 of them within the working areas. Measurement were taken both at the entrance and at the exit 
of work zones and at a distance of 500 meters. A chi-square test was used to determine the fitting of the observed 
data to the theoretical distributions. This test shows that speeds measured on the case study are normally distributed 
in fact normal distribution was able to fit data perfectly in all locations. Based on the parameters observed on the 
case study, several other scenarios have been analyzed through the microsimulation to obtain the best solution in 
terms of minimum delay, changing the work zones configuration. Assuming to perform works on a stretch of 10 
Km, different solutions have been analyzed for the segmentation of the work zone. Using constant values for the 
average speed of light vehicles and heavy vehicles, and fixing the speed distribution, traffic flow rates have been 
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ranged from 700 to 900 veh/h, and so the percentage of heavy vehicles (from 5 to 15%); many different 
segmentations of the work zone have been considered. The first alternative is the closure of a length equal to 5 Km 
in the first period, and subsequently the completion of the work on the remaining 5 Km segment (Fig. 5.1). The 
second alternative is constituted by the partial closure during first period of two work zones of 2.5 Km length, 
separated by two free sections of 2.5 Km length; during the second period works are performed on the remaining 
two sections to be treated (Fig. 5.2). The third alternative involves two different schemes in two distinct periods: in 
the first period four work areas of 1.25 Km length are realized separated by four free sections of 1.25 Km length, 
reversing the segments in the second period (Fig. 5.3).  
 
 
 
Fig. 5. Alternatives for work zone configurations 
 
The analysis of the simulated scenarios highlight that the best solution isrepresented by the third alternative, 
namely “fragmentation”. The average delay shows a considerable reduction in the alternative that involves multiple 
work segments (alternative 3). As expected, the delay decreases proportionally to the decrease of total traffic flow 
and the percentage of heavy vehicles (Fig. 6). 
   
   
Fig. 6. Average delay as a function of traffic flow and percentage of heavy vehicles for the three alternatives 
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5. Conclusions 
This paper has presented a state of the art on issues relating to the evaluation of delays in highway re-construction 
sites and an experimental analysis on highway speeds in the presence of work zones. Moreover, a methodology 
based on traffic simulation has been applied for the estimation of the delay suffered by users in motorway sections 
affected by rebuilding works. This methodology allows to evaluate traffic conditions for road users. From the first 
experimental results it is showed that the best solution for the highway works is the fragmentation, where possible, 
of the road, so that the average delay suffered by users is lower than the delay suffered in case of more extended 
work zones, this result based on detailed experimental data confirms the results of previous scientific works. 
References 
1. Abraham, C, Wang, J. J. Planning and Scheduling Work Zones Traffic Control. US Department of Transportation, FHWA-IP-81-6; 1981. 
2. Astarita V., Galante G. L'impatto dei cantieri autostradali sulla qualità del servizio per gli utenti. Convegno SIDT Torino Aprile 1995. 
Printed by Franco Angeli Editore in Milano, 1997. ISBN 88-464-0252-9. 
3. Chien, S.I.-J., Goulias, D.G., Yahalom, S., Chowdhury, S.M. Simulation-based estimates of delays at freeway work zones. Journal of 
Advanced Transportation Volume 36, Issue 2, March 2002, Pages 131-156 
4. Chung, Y., Kim, H. Park, M. Quantifying non-recurrent traffic congestion caused by freeway work zones using archived work zone and ITS 
traffic data. Transportmetrica. Volume 8, Issue 4, July 2012, Pages 307-320 
5. Chitturi, M.V., Benekohal, R.F, Kaja-Mohideen, A.-Z. Methodology for computing delay and user costs in work zones.  Transportation 
Research Record.  Issue 2055, 2008, Pages 31-38 
6. Dowling,R., Skabardonis A., Carroll1 M., Wang Z. Methodology for measuring recurrent and nonrecurrent traffic congestion. 
Transportation Research Record:Journal of the Transportation Research Board ,1867,60 –68; 2004. 
7. Astarita V., Guido G., Vitale A., Giofrè V. P. A new microsimulation model for the evaluation of traffic safety performances. European 
Transport, Paper N° 1, pp 1-16, 2012. 
8. Dudek, C. L, Richards, S. H. Traffic Capacity Through Urban Freeway Work Zones in Texas. Transportation Research Record 869, pp 14-
18; 1982. 
9. Edara P.K. and Cottrell B. Jr. Estimation of  traffic mobility impacts at work zones: state of the practice. Transportation Research Board. 
Annual meeting 2007. 
10. Ha T.J., Nemeth Z.A. Detailed Study of Accident Experience in Construction and Maintenance Zones. Transportation Research Record 1509, 
Transportation Research Board,Washington D.C.,1995. 
11. Lightill M., Whitham G. On Kinematic waves I and II a theory of traffic flow on long crowded roads. Royal Society, London, pp.317-345; 
1955. 
12. Martinelli R., Danquing Xu Delay Estimation and Optimal Length for Four-Lane Divided Freeway Workzones. Journal of Transportation 
Engineering; 1996.  
13. Michalopoulos P.G., Ping Yi, Lyrintzis A. Continuum modelling of traffic dynamics for congested freeways. Traspn.Res.Vol.27B; 1993. 
14. Morales, J. M. Analytic Procedures for Estimating Freeway Traffic Congestion. Public Roads, Vol. 50, No.2; 1986. 
15. Memmott, J. L, C. L. Dudek, Queue and User Cost Evaluation of Work Zone (QUEWZ). Transportation Research Record 979, pp. 12-19; 
1984. 
16. Papageorgiou M., Posch B.Schmidt G. Comparison of Macroscopic Models for Control of Freeway Traffic. Traspn.Res.17B; 1983. 
17. Payne H. FREEFLO: A Macroscopic Simulation Model of Freeway Traffic. TRR 722; 1979. 
18. Richards P. I. Shock Waves on the Highways. Operations Research, Vol. 4, pp. 42-51; 1956. 
19. Schnell, T., Mohror, J.S., Aktan, F. Evaluation of Traffic Flow Analysis Tools Applied to Work Zones Based on Flow Data Collected in the 
Field. FHWA Report No. FHWA/HWA-2001/08, Final Report Submitted to the Ohio DOT, May 2001. 
20. Schonfeld, P., Chien, S. Optimal Work Zone Lengths for Two-Lane Highways. Journal of Transportation Engineering, Urban Transportation 
Division, American Society of Civil Engineers, pp 21-29; 1999. 
21. Wilde W. J., Waalkes S., Harrison R. Life cycle cost analysis of Portland cement concrete pavements. FHWA Research Report (9/1/98-
8/31/99), FHWA/TX-00/0-1739-1; 1999. 
22. Wirasinghe, S. C. Determination of Traffic Delays from Shock Wave Analysis. Transportation Research, Vol. 12, pp. 343-348; 1978. 
23. Various authors.  Meeting the Customer's Needs for Mobility and Safety During Construction and Maintenance Operations. Research Report 
- Office of Program Quality Coordination FHWA Research Report U. S. Department of Transportation; 1998. 
 
 
 
